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Background: Carbon nanotubes, due to their unique physical properties, have been widely used in
materials science and electronics; however, numerous attempts to create systems for delivering drugs or
complexes of therapeutic drugs with nanotubes for improving their effectiveness and specificity have not
succeeded. It is primarily due to the high cytotoxicity of nanotubes for living cells as well as the lack of
mechanisms for their biodegradation. On the other hand, carbon nanotubes can form stable compounds
with such biologically important molecules as DNA, phospholipids, proteins. In this paper, the possibility
of the formation of amyloid fibril structures in lysozyme due to the interaction with carbon nanotubes is
shown. The obtained results have both a fundamental and an applied value, since this may be a method
for obtaining model amyloid fibrils for further study.

Objectives: The purpose of the work was to study the effect of carbon nanotubes on the formation of
fibril structures in lysozyme at room temperature under different pH values.

Materials and methods: For the preparation of the samples, hen egg-white lysozyme protein (HEWL,
Fluka), as well as single-walled (SWCNT, Sigma-Aldrich) and multi-walled (MWCNT, OO0 T™M
“Spetsmash”, Kyiv, Ukraine) carbon nanotubes were used. Used techniques: IR-Fourier Absorption
Spectroscopy; confocal microscopy.

Results: In this paper, the study of molecular mechanisms of interaction of lysozyme with carbon
nanotubes by vibrational spectroscopy was carried out and a conformational analysis of the formed
complexes was performed. It is shown that carbon nanotubes can affect the structure of lysozyme even at
room temperature and normal pH values, as evidenced by conformational changes in lysozyme due to
interaction with carbon nanotubes. Complexes which are formed as a result of such interaction, have
characteristic features of amyloid fibrillar structures. It reveals one of possible mechanisms of carbon
nanotubes cytotoxicity. On the other hand, such a technique can be introduced to obtain model amyloid
fibrils for further study.

Conclusion: The method of vibtarional spectroscopy has shown that carbon nanotubes can influence the
structure of lysozyme, as it is shown by the conformational analysis of the absorption band Amide 1. After
the interaction of lysozyme with CNT, an increase in the contribution of antiparallel B-conformation in
the structure of lysozyme is observed, and the contribution of the a-helix conformation is reduced, which
are characteristic features in the formation of fibrillar structures. The possibility of amyloid fibril
formation without the use of high temperatures at different pH values with the interaction of lysozyme
and carbon nanotubes, which can be applied as a method for obtaining the model amyloid fibrils, is
shown.
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BYIJVIEHHEBI HAHOTPYBKH NIEPEHIKO/KAKOTH UU CITPUAIOTH ®OPMYBAHHIO
AMIJIOiI[HI/IX ®IBPUII?
M.B. Oaenuyk', O.IL T'natiox’, I'.I. Jlos6emxo’, I.0. Moakosnuii', C.0. Kapaxiv®
IIHcmumym @isuxu HAH Ykpainu, npocnexkm Hayxu 46, Kuis, 03028, Vkpaina
Zchmumym 6ioximii im. O.B. Iannadina, eyn. Jleoumosuua, 9, Kuis, 01601, Yxpaina

AKTyaabHicTb. Byrirenesi HaHOTpYOKH, 3aBASKH CBOIM YHIKaJdbHUM (Di3MUHUM BIACTHBOCTSAM, 3HANIILIH
IIMPOKE 3aCTOCYBAaHHS B MaTEPialo3HABCTBI Ta €IEKTPOHIIl, OJJHAK YHUCIECHHI CIIPOOM CTBOPEHHS CHCTEM
JIOCTaBKU JIIKIiB YM KOMIDIEKCIB TEpaleBTHYHHX IPENapariB 3 HAHOTPYyOKaMH 3 METOI0 MOKpalleHHS
e(eKTUBHOCTI Ta crieriuivHOCTI IX Aii He mpu3Beia N0 ycnixy. B nepiry 4yepry 1e 1noB’s3aHoO 3 BUCOKOIO
LUTOTOKCUYHICTIO HAaHOTPYOOK Ul XMBUX KJITHH Ta BIJICYTHICTIO MeXxaHi3MiB ix Oioxerpanamii. 3
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iHIIOTO OOKY, BYTJICIICBI HAHOTPYOKH MOXKYTHb YTBOPIOBATH CTiHKi KOMIUIEKCAaMH 3 TaKHUMH 0i0JOTI9HO
BaxxmmBuMEu Monekyinamu sk JJHK, docdomimign, Oinku. B manilt poOOTi mMmoka3aHa MOXXIIHBICTH
(opMyBaHHS aMUIOIHHUX GIOPWIAPHUX CTPYKTYp B JH30OMMI TPH B3aEMOZIl 3 BYIVICHEBHMH
HaHOTPyOKkaMu. OTprMaHi pe3yJIbTaTH MalOTh SIK (GyHIaMEHTAJbHE, TaK 1 MPUKJIaJHE 3HAYCHHS, OCKUIbKH
e MOXe OyTH METOZIOM OTPHMAHHS MOJICIbHUX aMUIOTMHUX (HIOPHI ISl TOJAIBIIOTO BUBYSHHSI.

Meta podoru. Metoro poGoTH OyJo JOCHIAMTH BIUIMB BYTJIENIEBUX HAHOTPYOOK Ha MPOILEC YTBOPEHHS
(hiOpUISIPHUX CTPYKTYP B JII30LMMIi IIPH KIMHATHIN TeMeparypi pu pizHUX 3Ha4eHHsX pH.

Marepianu i meroau. /lyisi npUroTyBaHHSI €KCIIEPUMEHTAIBHUX 3pa3KiB OyB BHKOPUCTAHHMH JII30LIUM,
BuaieHuid 3 Oinka kypsunx senp (HEWL — Hen Egg-White Lysozyme, Fluka), a Takox ogHOCTiHHI
(SWCNT, Sigma-Aldrich) ta 6aratoctinai (MWCNT, OOO TM «Crenmamy, Kuis, Ykpaina) Byrienesi
HaHOTPYOkH. Bukopucrani merommku: [Y-Dyp’e-crieKTpockomiss — NOMIMHAHHS;  KOH(OKaJIbHA
MIKpPOCKOTIi.

PesyasTaTn. B naniit po6oTi mpoBeAeHO MOCTIKEHHS MOJEKYIIPHIUX MEXaHi3MiB B3a€MO/Ii1 JTi30IUMY 3
BYTJICIEBUMH HAaHOTPYOKaMH METOJOM KOJHMBAIBHOI CHEKTPOCKOIMIl Ta MPOBEACHO KOH(OpMAIiHMIA
aHaJli3 YTBOPEHUX KOMIUIEKciB. [loka3zaHo, 110 ByriieneBi HAHOTPYOKH MOXKYTh BILIMBATH Ha IPOCTOPOBY
CTPYKTYpY Ji30LIMMY HaBiTh IpH KIMHATHIH TeMmMmIepaTypi Ta HOpMalbHHX 3HadeHHsAX pH, mpo mro
cBimuaTh KOH(OpMaIiifHi 3MiHM B JI30IMMi BHACTIJOK B3a€MOJil 3 BYIJIELIEBUMH HAaHOTPYOKaMH.
Komrutekcy, yTBOpeHi BHACIIIOK Takoi B3a€MOJil, MalOTh XapaKTepHI pUCH aMUIOiAHUX (GiOpHiIspHUX
CTPYKTYP, III0 PO3KPUBAE OJIMH 3 MEXaHI3MIB IIATOTOKCUYHOCTI BYIJICIIEBUX HAHOTPYOOK. 3 iHIIIOTO OOKY,
Taka METOJHMKa MO)ke OyTH BIPOBa/KEHA JJISl OTPUMAaHHS MOJEJILHHX aMinoinHux (ibpui 3 Meror ix
MOJIAJIBIIIOTO BUBYEHHS.

BucHoBkH. MeToOM KOJMBAIBHOI CIEKTPOCKOMIi IMOKa3aHO, IO BYIJIENEBI HAHOTPYOKH MOXYTb
BIUIMBATH Ha IPOCTOPOBY CTIPYKTYpPYy J30IHMMY, MPO IO CBIAYUTH KOH(MOPMAMIWHUN aHANi3 CMyTH
mormuHanHs Awmin [ Ilicns B3aemonmii mizommmy 3 BHT, BinOyBaeThcst 30iNBINEHHS BKITAIY
aHTunapanenbHoi [(-koHdopmanii B CTPYKTypl Jli3omMMy, Ta 3MEHIIEHHS BKJIAIy Q-CHipaJbHOL
KOH(poOpMalii, MO0 € XapakTepHHIMH pHUCaMU Ipu QopMmyBaHHI QiOpmispHux cTpykryp. Ilokasana
MOJKJIMBICTh YTBOPEHHS aMUIOITHUX (QiOpHWIIAPHIX CTPYKTYp O€3 3aCTOCYBaHHS BUCOKHX TEMIEPaTyp MpH
pisHEX 3HadeHHAX pH mpwm B3aemoxii mizomuMy 3 BYIVIEHEBHMH HAHOTPYOKaMH, IO MOXKE MAaTH
MPUKIIaJHE 32CTOCYBaHHS B SIKOCTI METOly OTPUMAaHHS MOJICTIbHUX aMiJIOTAHUX (iOpuI.

KJIIOYOBI CJIOBA: aminoinHi ¢iopunu; ni301uM; ByriieneBi HaHOTPyOKY; B-Imapu.

YTJEPOJHBIE HAHOTPYBKMU MPEISITCTBYIOT WJIHN BBI3BIBAIOT ®OPMHUPOBAHUE
AMMJIIOUIHBIX ®UBPUJLII?
M.B. Onenqylcl, E.IL Cuariox’, I.M. JoB6emxo', U.A. Iouesoii', C.A. Kapang2
"Hnemumym usuxu HAH Yipaunwi, npocnexm Hayxu 46, Kues, 03028, Yipauna
ZHHcmumym ouoxumuu um. O.B. Ilannaouna, yn. Jleonmosuua, 9, Kues, 01601, Ykpauna

AKTYaJIbHOCTb. YTJIEpOJHbIE HAHOTPYOKH, Oylaronapsi CBOMM YHHUKaJIbHBIM (PU3NYECKHM CBOMCTBaM,
HAaIlUTM IIUPOKOE NPUMEHEHHE B MaTePUAJIOBEACHUH U AIIEKTPOHHKE, OJJHAKO MHOTOYHCIICHHBIE MOIBITKH
CO3JIaHUS CHCTEM JIOCTaBKH JIEKAPCTB WIIM KOMIUIEKCOB TEPANeBTUUECKHX TPENapaToB C HAHOTPYOKAaMH C
LENBI0 MTOBBIICHUS YPPEKTHBHOCTH U CIEUU(UIHOCTH MX JCHCTBUS HE MpHBeNa K ycrexy. B mepByro
ouepenb 3TO CBS3aHO C BBICOKOH HUTOTOKCHYHOCTHIO HAHOTPYOOK JUISA JKMUBBIX KIETOK M OTCYTCTBHEM
MeXaHU3MOB WX Omopnerpamamuu. C Apyrod CTOPOHBI, YTICPOTHBIE HAHOTPYOKHM MOTYT OOpa3OBHIBATH
YCTOWYMBBIE KOMIUIEKCHI C TaKUMH OHOJIOTHYECKHM BakHbIMH Moiekynamu kak JIHK, dochonumumnsi,
Oenku. B maHHOW paboTe TmOKa3aHa BO3MOXHOCTh (DOPMHPOBAHMS aAMWJIOHIHBIX (UOPHILIAPHBIX
CTPYKTYp 3 JIM30IIMMA NP B3aUMOACHUCTBUH C YIIIEPOAHBIMUA HaHOTpyOKamu. [lomydeHHbIe pe3yabTaThl
UMEIOT Kak (pyHJaMEeHTalbHOEe, TaK M NPUKIAJIHOE 3HAYEHHE, MOCKOJBbKY 3TO MOXKET OBITh CHOCOOOM
TMOJIYUCHUA MOACIbHBIX aMUJIOUIHBIX (l)HGpl/I.]'lJ'l JJIsA ,uam)HePuuero N3Yy4YCHUA.

Heapr pabdorsl. Llensio paboThl ObUIO HCCIENOBATh BIMSHHE YIJIEPOJHBIX HAHOTPYOOK Ha Ipoliecc
oOpazoBanust (GUOPHIUIAPHBIX CTPYKTYp B JIM30LMME NPU KOMHATHOM TeMIleparype IMpH pPa3In4HBIX
3HaueHusix pH.

Marepuansl m MeToabl. [l NPUTOTOBICHUS SKCIIEPUMEHTAIBHBIX 00pa3loB OB HCIOJIB30BaH
JMU30LKM, BBIIETCHHBIH 13 Oenka KypuHbx sun (HEWL — Hen Egg-White Lysozyme, Fluka), a taxxe
onnocreHuble (SWCNT, Sigma-Aldrich) u maorocrerasie (MWCNT, OO0 TM «Cnenmam», Kues,
VYkpamna) yriaepogHsle  HaHOTPYOku. Mcmomp3oBanel  Meromuku:  MK-®yppe-cneKTpOCKOIHS
MOTJIOIIEHUS; KOH(OKATbHASI MUKPOCKOTIHS.

PesyabTaTsl. B nannoii pabote mpoBeneHo UCCIeI0BaHNE MOJEKYIISIPHBIX MEXaHU3MOB B3aHMO/ICHCTBHSA
JU30LMMa C YIJIEPOJHBIMA HAHOTPYOKaMH METOJOM KoJjieOaTenbHOH CIEeKTPOCKOIMHM W HpPOBEAEH
KOH(OpMaLMOHHBIN aHaIn3 00pa30BaHHBIX KOMIUIEKCOB. [loka3aHo, 4To yriiepoiHble HAHOTPYOKH MOTYT
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BJIMATh Ha IMPOCTPAHCTBEHHYIO CTPYKTYpYy JM30LMMa Ja)Xe B YCIOBUSAX KOMHATHON TeMIeparypbl U
HOpPMAaITBHBIX 3HaueHuil pH, o 4eM CBHIETENBCTBYIOT KOH(OPMANMOHHBIE M3MEHEHHUS B JIM3OIMME B
pe3ynbpTaTe B3aMMOACHCTBHS C YIIIEPOJHBIMI HaHOTpyOkaMu. Kommiekcsl, 0Opa3oBaHHBIE B Pe3ynbTaTe
TaKOTO B3aWMOJEHCTBHSA, WMEIOT XapaKTepHBIE UYEpThl AMHJIOWAHBIX (QUOPWUIAPHBIX CTPYKTYP,
PacKpbIBAIOT OAWH M3 MEXaHW3MOB IIMTOTOKCHYHOCTH YTJIEPOAHBIX HaHOTPYOOK. C ApYroil CTOpOHEI,
Takas METOJMKAa MOXET OBbITh BBEJICHA IS MOJYYCHUS MOJCIBHBIX aMUJIOMIHBIX (GHOPUILT C LENBI0 UX
JlalbHEUIIEr0 U3yYEHUSI.

BeiBoabl. MeToi0M KO0JIeOATENBHOM CIIEKTPOCKOMUU IMOKA3aHO, YTO YIJIEPOIHbIC HAHOTPYOKH MOTYT
BIHSTh Ha MPOCTPAHCTBEHHYIO CTPYKTYpy JH30LKMMa, O YEM CBHUJCTCILCTBYET KOH()OPMAIIMOHHEIN
aHanu3 mnojockl nornomenus Amun I [locne B3aumopeiictBus nuzoumMa ¢ YHT, mpoucxogut
YBEJIIMYCHUE BKJIAJ[a aHTUTIAPAILICITFHON B-KOH(pOPMALIUU B CTPYKTYpE JH30IUMA, U YMEHBIIICHUE BKJIaaa

O-CIMpaIbHOW  KOH(OpPMAIWK, KOTOpPBIE SBISTIOTCS XapaKTepHBIMH YepTaMd MpH (OPMHUPOBAHUH
GuOpWIIIpHBIX  CTPYKTyp. [loka3aHa BO3MOXKHOCTH 0Opa30BaHUs aMUJIOUAHBIX  (UOPHILIAPHBIX
CTPYKTYp O3 IPUMEHEHHUS BBICOKHX TEMIICPATyp HPHU Pa3IHYHBIX 3HaYCHHUSX pH mpu B3auMOACHCTBUH
JMU300KAMA C YTICPOJHBIMH HAaHOTPYOKaMH, YTO MOXKET MMETh MPUKIAJHOC IPUMCHECHUEC B KAdeCTBE
MeTOa MTOYYCHUST MOJEIFHBIX aMIIONTHBIX (prOpHILI.

KJIFIOUEBBIE CJIOBA: amusion/sbie puOpHILIbL; TU30LHUM; YIIEPOJHbIC HAHOTPYOKH; B-CIIOH.

A key issue in the amyloid science is to understand a mechanism of the amyloid fibril
formation and its connection with pathological state of a living body [1] It is known that
amyloid fibril arising is correlate with a number of diseases such as Alzheimer and Parkinson
diseases, prion propagation, cancer geneses and metastases progress etc [2]; moreover,
amyloid fibrils can appear in a variety of different morphological shapes [3-5].

Lysozyme (Lys), a small protein with four disulfide bonds, stems a property of
bactericidal enzyme. It was found in a salivary fluid, in human tears, in the protein of hen egg.
It is able to destroy the cell wall of gram-negative bacteria and some types of fungi. It
contains 129 amino acid residues. Lysozyme is one of the most intensively studied proteins,
especially, it is often used as a model system for amyloid fibril formation study [6, 7]. The
amyloid fibril is a type of insoluble protein that aggregate with a specific secondary structure.
[3-5, 8-10]. Lysozyme is not associated with any known amyloid diseases; however, it shares
similar morphological features with amyloids from disease associated proteins. Study of
mechanism of amyloid formation extends our knowledge about fibril formation and assists to
clear up a possible disadvantage of interaction between nanoparticles and amyloids.

Carbon nanotubes (CNTs) are the most investigated carbon nanomaterials due to their
unique physical and chemical characteristics, cheap and easy production, stability and
indispensability for improving of electrical and mechanical properties of materials. Last years
the carbon nanotubes are used as supporting matrix for protein adsorption and isolation [11].
Thus, Yuan et al. used Multiwalled carbon nanotubes (MWCNT) as a carrier to prepare
lysozyme imprinted polymers or even separation of lysozyme from egg white. However, the
question arises: how do CNTs influence the amyloid fibrils formation. A fact about solubility
of carbon nanotubes in the presence of fibril-forming protein lysozyme is an additional
argument indicating easy possibility for fibril appearing [12-14]. However, a computer
simulation of a CNT interaction with lysozyme done in [2] showed another possibility,
namely, breaking of fibrils in the presence of CNT. So, the question about the CNT role in the
fibrils breaking and formation is important. That is why the subject of our research was to
study an influence of carbon nanotubes on fibril formation in vitro model experiment.

MATERIALS AND METHODS
Hen egg white lysozyme (HEWL) was purchased from Fluka and used without further
purification. MWCNT were provided by OOO TM “Spetsmash”, Kiev, Ukraine. They were
obtained by catalytic pyrolysis of acetylene with the outer diameter 2-40 nm, the number of
walls from 2 to 15 and the length up to 50 um, and treated from catalyst residues by
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hydrofluoric acid. Single walled carbon nanotubes (SWCNT) were bought from Sigma-
Aldrich, with the diameter of 1.4-1.5 nm and the length about 1-2 um.

The process of preparation of amyloid fibrils included ultrasonic treatment of aqueous
solution of nanotubes (three times), followed by the selection of the central transparent part of
the solution. Thereafter, an aqueous suspension of nanotubes was added to the aqueous
solution of lysozyme (concentration 1 mg/ml).

In this study we did not use surface-active substances intentionally because they could
affect the formation of amyloid fibrils and could also provide additional absorption bands in
vibrational spectra, which significantly distort the analysis of results.

An aqueous suspension of SWCNT was prepared by ultrasonification at 60 W and
22 kHz for 3 hours. 1 mg of HEWL was dissolved in 1 ml of distilled water (pH = 5.5). This
solution was acidified to pH = 2.5 with HCI addition or alkalified to pH = 11.5 with KOH. An
aqueous suspension of MWCNT was added to the prepared lysozyme solution and incubated
for 14 days at room temperature. An aqueous suspension of SWCNT was added to the
prepared lysozyme solutions and incubated for 2 days at 50°C. For the IR absorption spectra
registration and confocal imaging, the samples were dropped onto a rough gold surface and
dried.

The IR spectra were collected in the 400-7000 cm™ region with an IFS-66 Bruker
instrument with resolution of 0.5 cm™ and wavenumber definition accuracy of not less than
0.01 cm™. Repeatability of frequency in our IR spectra measurements was 0.5 cm™ and that of
absorbance — about 0.0005. The IR spectra of proteins were measured in the external
reflection configuration at the light incidence angle 16.5°, as described in [15.16].
Deconvolution and decomposition of the spectral bands were performed with Opus-5.5
software program. The peak positions of the absorption bands were estimated by using the
second derivative method and/or the standard Opus-5.5 peak finding method. All spectra were
baseline-corrected and normalized by the peak intensity of O-H stretching vibrations band
centered near 3300 cm™ [16, 17].

Confocal imaging was carried out with a Carl Zeiss LSM-510 META confocal laser
scanning microscope withthe 4D Plan-Neofluar 40x/0.6 Korr oil immersion objective in Multi
Track mode. For observing objects in a transmittance mode in visible light a halogen
incandescent lamp was used. A fluorescence images of the objects were obtained by
excitation with ultraviolet mercury lamp HBO-100 or with diode laser (A=405 nm,25 mW),
Ar orArKr laser (A=488 nm, 30 mW) and HeNe laser(A=633 nm, 5 mW)in backscattering
geometry. Magnification in the experiments was x40 and x10. The most important optical
advantage of confocal microscopy is that the radiated photons are focused by the objective
lens on a small (~50 pm) detector pinhole which limits a depth of focus and cut other photons
by pinhole causing better contrast in comparison with other types of optical microscopes.

RESULTS AND DISCUTION

To analyze the contribution of antiparallel B-layers in the spatial structure of HEWL,
conformational analysis of the IR absorption bands of the lysozyme Amide I
(1700-1600 cm ") was done (Fig. 1).

This part of the IR absorption spectrum gives a lot of information about the protein
secondary structure and conformational changes. The Amide I band is mainly due to C=0
stretching vibration (approximately 80%) of the amide groups coupled with in-plane NH
bending (<20%).

The set and position of the bands for a fitting were selected according to the literature
data [18-20] of conformational states of lysozyme to certain positions of the bands of Amid 1.
The conformational state of the protein in amyloid fibrils differs from that in initial protein
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and results in the appearance of the new conformation, namely, antiparallel B-layers, which
were not found in reference sample.

In order to mark the antiparallel B-sheet, we performed a model experiment for the
amyloid fibril formation under standard conditions (2 days at 50°C) and at different pH.

With the vibrational spectra analysis we found that markers of antiparallel B-layers
conformation are in the region of 1687-1695 cm™ and 1615-1625 cm™'. Thus, in the fitting
processes we must consider the appearance of this new conformation, so the number of
components in the reference sample and in the amyloid will be different. In the case of
incubation with MWCNT, the total contribution of B-sheet increases by about 10% compared
to that for SWCNT.

Quantitative analysis of the protein secondary structure is based on the assumption that
secondary structure can be presented as a contributions of all conformations. The components
of the Amide I band can be determined by considering their frequency and intensity behavior.

0,12

Absorbance

o
Q
>

0,00—=

‘ T T
1720 1700 1680 1660 1640 1620 1600 1580 1560 1540 1520 1500 148C
Wavenumber, cm*

Fig. 1. Component analysis of Amid I IR absorption bands of HEWL, pH 5.3.

The biological activity of CNTs relative to proteins was checked with FTIR
spectroscopy. It was shown that after the interaction of the proteins with MWCNT, the
relative percentage content of B-conformation in the structure of the proteins increases, and an
unordered state of the protein decreases. Thus, our experimental studies confirm the
possibility of forming the structures harmful to human body upon interaction of HEWL with
CNTs.

Our results show that the protein structural composition is the following: o-helix —
28.17%, B-turn — 13.07%, B-sheet — 31.38%, disordered structure — 27.38%. The similar
secondary structure of lysozyme dissolved in water was determined from the far-UV CD
spectra [6]. We suppose that peaks at 1615 cm ' and 1685 cm ' are formed by the
contribution of B-sheet and side groups in the reference [21]. After interaction with SWCNT
structural composition is similar to reference HELW, but we see a small part antiparallel form
(6.59%) in the P-sheet (Fig. 2 b). After interaction with MWCNT, the protein undergoes
structural changes (Fig. 2 a): the contribution from B-sheet, namely, antiparallel conformation
increases (16.24%) along with a decrease in the contribution from the disordered structure
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(15.35 %). Similar strong changes in the protein conformation indicate the formation of the
amyloid fibril structures [18-20].

A new absorption peak at 1620 cm ' (Fig. 2 a) and 1616 cm ' (Fig. 2 b) corresponds to
the appearance of a new conformation, likely HEWL amyloid fibril [6]. Peaks at ~1635 cm’
and at ~1685 cm™ are characteristic of p-sheet structure [21]. A peak about 1694 cm™ is
characteristics of antiparallel form in the -sheet (Fig. 2 b) [16]. In the case of MWCNT, the
fitting of the system gives 1699 cm ' peak. The shift of the peak in high frequency region
could be explained by additional interaction in the system MWCNT-protein. The results of
spectra fitting show an interaction of MWCNT and SWCNT with lysozyme for both cases
(Fig. 2). Thus, in the Fig. 2, we see a larger (about 10%) contribution of antiparallelf-sheet
conformation in the case of HEWL+MWCNT in comparison with the same for
HEWL+SWCNT. This conclusion is in accordance with the data from [13] wherelysozyme
has stronger interaction with larger diameter of nanotubes that could assist better fibril
formation.

0,12 i 0‘127
0,10

80,08 | ®0,097
g 1 £ S5
o |
§)0,06 i {620,06 QS
[%2]

£004 2 l

0,02 0,03, '

0,00 \ ‘ \ ‘ \ ‘ T ‘ I ‘ 0,00/ ’/L‘) .

1700 1650 1600 1550 1500 1700 1650 1600 1550 1500
Wavenumber, cm Wavenumber, cn
b

a
Fig. 2. Component analysis of Amid I and Amid II IR bands of HEWL+MWCNT at pH 5.5 (a) and 1580
HEWL+SWCNT at pH 6.0 (b).

For comparison we added also all spectra for all the samples under neutral pH (5.5-6) on
one figure, from which we can clearly see appearance of the antiparallel beta-sheet
conformation (1621 cm™ and 1696 cm™ in LystMWCNT and 1614cm™ in Lys+SWCNT)
(Fig. 3). These peaks are clearly distinguished on the shoulders of wider Amid I bands of the
sample with carbon nanotubes in comparison to reference sample.

In confocal microscopy image at pH = 5.5 (Fig. 4 a) the lysozyme does not show fibril
structure; similarly, we have not observed the formation of fibrils for lysozyme+SWCNT
complex (Fig. 4b, c¢), too. At normal pH for SWCNT and MWCNT, we observed the
formation of a continuous thin film of protein, a thickness of about 0.5 microns, in which we
do not observe fibrillar structures. We see aggregation of CNTs presented by black points
inside of the film of lysozyme (Fig. 4).

The colorful bands we see in the images are of an interference nature and indicate that the
film is heterogeneous and has a different thickness. Black strips are cracks of the crystal film
of lysozyme. Multiple black dots in Fig. 4 b and ¢ we assign to carbon nanotubes.

Inthecase of lysozyme+SWCNT complex dense nuclei from lysozyme are formed
(Fig. 4 b and Fig. 5 b, respectively). We can suggest that this is a state of the fibril film
formation with participation of SWCNT and/or MWCNT, supported by FTIR spectroscopy.
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Fig. 3. IR spectra of lysozyme Amid I and Amid II regions: HEWL+SWCNT (dot line), HEWL (thin line),
HEWL+MWCNT (thick line).

: : \=
+MWCNT (c) under pH=5.5.

We suppose that the fibrils come close one to another and form solid-like film [22] as in
the case of the local larger protein concentration being a result of film thickness variation. The
confocal microscopy data are not in accordance with FTIR fitting data and the conclusion
about fibril features appearance in the Amid I spectral region.

IR spectra in the region of Amid I for all the samples of Lys obtained under 11.7 are
similar. (Fig. 5) In the case of alkaline pH, the shape of Amid I band is mostly determined by
pH of the sample, and the spectra have negligible differences. Due to the dominant
contribution of beta conformation in protein structure, which has maximum at 1628 cm'l, we
could not registered low frequency shoulder located near 1614 cm™ assigned to antiparallel
beta conformation. Meanwhile high frequency of antiparallel beta conformation near
1693 cm™ we can find at 1693 cm™ for both samples (Fig. 5).

For a sample of lysozyme without nanotubes at an alkaline value of the pH (Fig. 6 a, pH
11.5), the size of the observed fibrillar aggregates is smaller than with the nanotubes (Fig. 6 b,
¢, pH 11.5). Here we registered clear, elongated structures with a diameter up to several
microns and a length of tens of microns or more.



56

M.V. Olenchuk, O.P. Gnatyuk, G.I. Dovbeshko, I.O. Polovyi, S.O. Karakhim

1628
0,12 —
k ——Lys, pH=11,7
—— Lys+MWCNT, pH=11

0,09 —
(O]
[&]
c
3
£ 006 —
(%)
Q
< i

0,03 —

0,00 —

[ ‘ [ ‘ [ ‘ [ ‘ [ ‘ |

1750 1700 1650 1600 1550 1500
Wavenumber, cm’™

Fig. 5. IR spectra of lysozyme Amid I and Amid II regions: HEWL (thin line), HEWL+MWCNT
(thick line).

Confocal microscopy cannot record structures with thin diameter (from units totens of
nanometer), which is characteristic for fibril at initial stage of its formation. However, earlier
[23—-27] it was shown that the centroid of an image of the spot can be used to locate the object
far beyond the resolution limit, despite the fact that the actual object size in the image can
significantly differ from microscopy data.

We suggested that the size of actual fibrillar aggregates varies up to the size of a pixel.
According to Nyquist criteria for digital resolution, the smallest resolved objects should have
~2.3 pixels [23].

According to the confocal microscopy resolution, for wavelength of 405 nm, optical
resolution of obtained images is

A
d=04 M— 216nm,

where NA is numerical aperture of the objective, A is wavelength. Next, the size of a pixel is
calculated being equal 94 nm in our case. However, the location of the luminescent object can
be estimated with nanometer precision for the images with a high signal-noise ratio. [24-27]

In case of SWCNT, we observed ramified net of fibrillar aggregates (Fig. 6 b, pH 11.5,).
In case of MWCNT on the background of small size structures (micron and less) we observed
distinct elongated structures of 50 pum, which are corresponding to the size of carbon
nanotubes used in our experiment. (Fig. 6 ¢, pH 11.5)

In contrast to high pH = 11.7 (Fig. 5) in the case of low pH = 2.5 (Fig. 7) fibrils seems to
form more easily. Thus, in the sample of LystMWCNT at pH 2.5 we registered beta
conformation at 1626 cm™, but in this sample (LystMWCNT) we could not distinguish low
frequency shoulder at 1615 cm™, at the same time high frequency shoulder at 1962 cm'
appears. However, for the samples Lys and LystSWCNT we registered low frequency
shoulder at 1613 cm™ assign to beta conformation.

Therefore, MWCNT possesses more significant effect than SWCNT. We suppose that
influence form both pH and MWCNT are being added. (Fig. 7)
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Fig. 6. Confocal images of pure HEWL (a,b), HEWL+SWCNT (c), HEWL+MWCNT (d) under pH=11.5.

1626

0,12— — = Lyz+SWCNT, pH=2,5
Lyz, pH=2,5
- e | y7z+MWCNT, pH=2,5
1613
0,09—
© _|
[8)
[
S 0,06—
S
(%)
Q _|
<
0,03—
0,00—
‘ \ \ \ \ \
1750 1700 1650 1600 1550 1500

Wavenumber, cm™

Fig. 7. IR spectra of lysozyme Amid I and Amid II regions: HEWL+SWCNT (dot line), HEWL (thin line),
HEWL+MWCNT (thick line).

In case of acidic pH of the sample, we observe separated, seldom located fibrillar
aggregates in confocal images. These aggregates were located more tightly in case of
MWCNT (Fig. 8, c, pH 2.5), in comparison to those with SWCNT (Fig. 8, b, pH 2.5), and the
sample without nanotubes (Fig. 8, a, pH 2.5).
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Nanotubes serve as a surface, on which the formation of amyloid fibrils occurs more
effectively. Surface of SWCNT and MWCNT have similar properties. Therefore, SWCNT
and MWCNT influence the amyloid fibril formation similarly.

) e

i s o S e il [ * o D B \ 1 AN
Fig. 8. Confocal images of pure HEWL (a), HEWL+SWCNT (b), HEWL+MWCNT (c) under pH=2.5.

Since the concentration of nanotubes was significantly (several orders of magnitude)
lower than the concentration of lysozyme, the size of amyloid aggregates ranged up to several
microns in diameter and 10 um in length, which agrees with [23].

CONCLUSION

Summarizing, using FTIR spectroscopy and confocal microscopy, we have found out that
CNTs could be a good promoter to initiate the process of fibril formation even under the room
temperature and pH range of 5.5-6. The effect of amyloid fibril formation under different
physiological conditions could be modeled by presence of CNT in lysozyme solution. The
mechanism of this effect seems to be connected with good absorbance of lysozyme on the
CNT and matches their surfaces. The relationship of the revealed effect with the diseases
should be studied in vivo.

ACKNOWLEDGMENT

This work has been supported by the HORIZON 2020 project “Asymmetry of biological
membrane: theoretical, experimental and applied aspects” (690853-assymcurv-H2020-MSCA-
RISE-2015/ H2020-MSCA-RISE-2015), NATO 98 5291, STCU 6175, “Development of 2D
materials and “smart” sensors for medical and biological purposes” 11/1 2018.

This paper is dedicated by the authors to the memory of a prominent Ukrainian physicist
and biophysicist Professor Blagoi Yuri Pavlovych. We are grateful to Yuri Pavlovych for the
sharing of invaluable scientific experience in the field of interaction between DNA and other
biological molecules with metal ions, mutual creative work. The authors of the paper thank to
all the co-authors of the cited papers for their cooperation.

CONFLICT OF INTEREST
The authors report that there is no conflict of interest.

Authors’ ORCID ID
M.V. Olenchuk https://orcid.org/0000-0002-3710-6349
G.I. Dovbeshko “https://orcid.org/0000-0002-7701-0106
O.P. Gnatyuk ““https://orcid.org/0000-0003-4406-5503
1.O. Polovyi “https://orcid.org/0000-0003-0149-7314
S.0. Karakhim "“https://orcid.org/0000-0002-8389-0584




59
Do carbon nanotubes inhibit or promote amyloid fibrils formation?

REFERENCES

1. Annamalai, K., Giihrs, K.-H., Koehler, R., Schmidt, M., Michel, H., Loos, C., Fandrich, M. (2016).
Polymorphism of Amyloid Fibrils In Vivo. AngewandteChemie International Edition, 55(15), 4822-4825.

2. Li, H., Luo, Y., Derreumaux, P., & Wei, G. (2011). Carbon Nanotube Inhibits the Formation of f-Sheet-Rich
Oligomers of the Alzheimer’s Amyloid-pf(16-22) Peptide. Biophysical Journal, 101(9), 2267-2276.
https://doi.org/10.1016/j.bpj.2011.09.046

3. Close, W., Neumann, M., Schmidt, A., Hora, M., Annamalai, K., Schmidt, M., ...Féndrich, M. (2018).
Physical basis of amyloid fibril polymorphism. Nature Communications, 9(1). https://doi.org/10.1038/s41467-
018-03164-5

4. Schmidt, A., Annamalai, K., Schmidt, M., Grigorieff, N., &Féndrich, M. (2016). Cryo-EM reveals the steric
zipper structure of a light chain-derived amyloid fibril. Proceedings of the National Academy of Sciences,
113(22), 6200—6205. https://doi.org/10.1073/pnas.1522282113

5. Liberta, F., Loerch, S., Rennegarbe, M., Schierhorn, A., Westermark, P., Westermark, G. T., ...Schmidt, M.
(2018). Cryo-EM structure of an amyloid fibril from systemic amyloidosis. Cold Spring Harbor Laboratory.
https://doi.org/10.1101/357129

6. Knubovets, T., Osterhout, J. J., Connolly, P. J., &Klibanov, A. M. (1999). Structure, thermostability, and
conformational flexibility of hen egg-white lysozyme dissolved in glycerol. Proceedings of the National
Academy of Sciences, 96(4), 1262—1267. https://doi.org/10.1073/pnas.96.4.1262

7. Zou, Y., Hao, W., Li, H., Gao, Y., Sun, Y., & Ma, G. (2014). New Insight into Amyloid Fibril Formation of
Hen Egg White Lysozyme Using a Two-Step Temperature-Dependent FTIR Approach. The Journal of
Physical Chemistry B, 118(33), 9834-9843. https://doi.org/10.1021/jp504201k

8. Riek, R., & Eisenberg, D. S. (2016). The activities of amyloids from a structural perspective. Nature,
539(7628), 227-235. https://doi.org/10.1038/nature20416

9. Sipe, J. D., Benson, M. D., Buxbaum, J. N, Ikeda, S., Merlini, G., Saraiva, M. J. M., &Westermark, P. (2016).
Amyloid fibril proteins and amyloidosis: chemical identification and clinical classification International
Society of  Amyloidosis 2016  Nomenclature  Guidelines.  Amyloid,  23(4),  209-213.
https://doi.org/10.1080/13506129.2016.1257986

10. Annamalai, K., Liberta, F., Vielberg, M.-T., Close, W., Lilie, H., Giihrs, K.-H., ...Fandrich, M. (2017).
Common Fibril Structures Imply Systemically Conserved Protein Misfolding Pathways In Vivo. Angewandte
Chemie International Edition, 56(26), 7510-7514. https://doi.org/10.1002/anie.201701761

11. Yuan, S., Deng, Q., Fang, G., Wu, J., Li, W., & Wang, S. (2014). Protein imprinted ionic liquid polymer on
the surface of multiwall carbon nanotubes with high binding capacity for lysozyme. Journal of
Chromatography B, 960, 239-246. https://doi.org/10.1016/j.jchromb.2014.04.021

12. Gao, R., Zhang, L., Hao, Y., Cui, X., Liu, D., Zhang, M., & Tang, Y. (2015). Novel polydopamine imprinting
layers coated magnetic carbon nanotubes for specific separation of lysozyme from egg white. Talanta, 144,
1125-1132. https://doi.org/10.1016/j.talanta.2015.07.090

13.Horn, D. W., Tracy, K., Easley, C. J., & Davis, V. A. (2012). Lysozyme Dispersed Single-Walled Carbon
Nanotubes: Interaction and Activity. The Journal of Physical Chemistry C, 116(18), 10341-10348.
https://doi.org/10.1021/jp300242a

14. Vaitheeswaran, S., & Garcia, A. E. (2011). Protein stability at a carbon nanotube interface. The Journal of
Chemical Physics, 134(12), 125101 .https://doi.org/10.1063/1.3558776

15. Dovbeshko, G. I., Chegel, V. 1., Gridina, N. Y., Repnytska, O. P., Shirshov, Y. M., Tryndiak, V. P., ...
Solyanik, G. I. (2002). Surface enhanced IR absorption of nucleic acids from tumor cells: FTIR reflectance
study. Biopolymers, 67(6), 470—486. https://doi.org/10.1002/bip.10165

16. Dovbeshko, G.I. (2009). Molecular mechanisms of interaction of biological molecules with nanostructures,
ligands and low doses of ionizing and microwave irradiation. (Doctor of sciences dissertation, V.N. Karazin
Kharkiv National University, Kharkiv). (in Ukrainian). Available from Vernadsky National Library of Ukraine
(DS117134)

17. Dovbeshko, G.I., Chegel, V 1., Gridina, N.Ya.,Gnatyuk, O.P., Shirshov, Y.M., Tryndiak, V.P., and Todor, .M.
(2001). Surface enhanced infrared absorption of nucleic acids on gold substrate. Semiconductor Physics
Quantum Electronics and Optoelectronics, 4(3), 202-206. https://doi.org/10.1117/12.429717

18. Dong A., Meyer J.D., Brown J.L., Manning M.C., Carpenter J. F. (2000) Comparative Fourier Transform
Infrared and Circular Dichroism spectroscopic analysis of all-proteinase inhibitor and ovalbumin in aqueous
solution. Arch. Biochem. Biophys. 383: 148-155. https://doi.org/10.1006/abbi.2000.2054

19. Goormaghtigh, E., Ruysschaert, J.-M., &Raussens, V. (2006). Evaluation of the Information Content in
Infrared Spectra for Protein Secondary Structure Determination. Biophysical Journal, 90(8), 2946-2957.
https://doi.org/10.1529/biophysj.105.072017



60

M.V. Olenchuk, O.P. Gnatyuk, G.I. Dovbeshko, I.O. Polovyi, S.O. Karakhim

20. Pérez, C., &Griebenow, K. (2000). Fourier-transform infrared spectroscopic investigation of the thermal
denaturation of hen egg-white lysozyme dissolved in aqueous buffer and glycerol. Biotechnology Letters.
22(23), 1899-1905. https://doi.org/10.1023/a:1005645810247

21.Zandomeneghi, G., Krebs, M. R. H., McCammon, M. G., &Fandrich, M. (2009). FTIR reveals structural
differences between native PB-sheet proteins and amyloid fibrils. Protein Science, 13(12), 3314-3321.
https://doi.org/10.1110/ps.041024904

22.del Mercato, L. L., Pompa, P. P., Maruccio, G., Torre, A. D., Sabella, S., Tamburro, A. M., ...Rinaldi, R.
(2007). Charge transport and intrinsic fluorescence in amyloid-like fibrils. Proceedings of the National
Academy of Sciences, 104(46), 18019—18024. https://doi.org/10.1073/pnas.0702843104

23. Waters, J. C. (2009). Accuracy and precision in quantitative fluorescence microscopy. The Journal of Cell
Biology, 185(7), 1135-1148. https://doi.org/10.1083/jcb.200903097

24. Churchman, L. S., Okten, Z., Rock, R. S., Dawson, J. F., & Spudich, J. A. (2005). Single molecule high-
resolution colocalization of Cy3 and Cy5 attached to macromolecules measures intramolecular distances
through time. Proceedings of the National Academy of Sciences, 102(5), 1419-1423.
https://doi.org/10.1073/pnas.0409487102

25.Yildiz, A., &Selvin, P. R. (2005). Fluorescence Imaging with One Nanometer Accuracy: Application to
Molecular Motors. Accounts of Chemical Research, 38(7), 574-582. https://doi.org/10.1021/ar040136s

26.Huang, B., W. Wang, M. Bates, and X. Zhuang. (2008). Three-dimensional super-resolution imaging by
stochastic optical reconstruction microscopy. Science, 319, 810-813.

27.Manley, S., Gillette, J. M., Patterson, G. H., Shroff, H., Hess, H. F., Betzig, E., & Lippincott-Schwartz, J.
(2008). High-density mapping of single-molecule trajectories with photoactivated localization microscopy.
Nature Methods, 5(2), 155-157. https://doi.org/10.1038/nmeth.1176

28.Pawley J. B. (2006) Handbook of Biological Confocal Microscopy (3 ed.). Springer, New York:
Science+Business Media, LLC.

29. Kovalska, V., Chernii, S., Cherepanov, V., Losytskyy, M., Chernii, V., Varzatskii, O., ...Yarmoluk, S. (2017).
The impact of binding of macrocyclic metal complexes on amyloid fibrillization of insulin and lysozyme.
Journal of Molecular Recognition, 30(8), €2622. https://doi.org/10.1002/jmr.2622



